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Abstract 
A computational fluid dynamics (CFD) model was developed to numerically analyse the temperature and fluid flow 
during laser butt welding, and a heat source model was proposed, which, with adjustment, was suitable for both partial and 
full penetration welds over a wide range of conditions. The models were then used to study the laser welding of a 4mm 
thickness aluminum alloy (AA5083), and the results predicted were analysed to better understand the formation of 
porosity in aluminium laser welds. The flow patterns predicted in the melt pool are essentially the same for various 
welding parameters: vortices can be found close to the surfaces of the weld pool (top surface only for partial penetration; 
both top and bottom surfaces for full penetration). The dimensions of the weld pool are predicted to increase with 
increasing laser power and decreasing welding speed, and the maximum velocity to increase with increasing laser power 
and welding speed. In partial penetration cases, there are no simple relations between porosity levels and laser power and 
welding speed. A sharp decrease in porosity content, when changing from partial to full penetration, was thought to be a 
result of an extra driving force from the outwards fluid flow at the weld pool bottom for the pores to escape out of the melt 
pool. In full penetration cases, the lower porosity content when using higher laser power and/or lower welding speed was 
attributed to the longer time for pores to escape before the weld pool solidifies.  
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1. Introduction
The use of aluminium alloys in the aerospace and transport industries is particularly beneficial because of 
their high strength to weight ratios. Furthermore, near-net-shape laser welding offers numerous advantages
compared with other fabrication techniques. However, the formation of porosity in laser welding of 
aluminium alloys is one of the factors limiting their more widespread acceptance. Understanding the
formation mechanisms and developing porosity reduction methods are therefore necessary. Some
computational fluid dynamics (CFD) models have been developed already, mainly to study the instability of 
the laser keyhole in partial penetration welding of aluminium alloys (Pang et al., 2011; Zhao et al., 2003),
while only a limited number of studies into the fluid flow characteristics in full penetration welds have been
performed. In the current study, a CFD model, in addition to a heat source model, has been developed for 
numerical modeling of both partial and full penetration laser welding. Using the models, the fluid flow and
thermal characteristics in laser welding of an aluminium alloy (AA5083) have been studied. In combination
with corresponding experimental results, the numerical results have been used to better understand the 
porosity formation mechanisms in welds, and to study the relationship between porosity levels in welds and
laser welding parameters. 
2. Numerical model
2.1. Mesh
A CFD model was established with Ansys13 Fluent to simulate the laser welding of the aluminium alloy
AA5083. The dimensions of the workpiece and the computational mesh are shown in Figure 1. The moving
laser beam irradiated the top surface of the workpiece. A three-dimensional mesh was constructed as shown in
Figure 1, which has 160000 elements, 173061 nodes, with a minimum element size of 0.033×0.033×0.2mm3.
Fig. 1. Dimensions of the section to model (left), in mm, and the constructed mesh for CFD modelling (right)
2.2. Assumptions
During laser welding, relative motion between a laser beam and a workpiece results in the formation of a
molten pool, which then solidifies to form a weld. To model this process, it was assumed that the laser beam 
(the heat source) and the mesh coordinates were fixed, and the workpiece was moved in the negative x-
direction at a given welding speed. The other assumptions made in numerical model included that:
The fluid flow in the weld pool was transient, laminar and incompressible.
The surfaces of the weld pool were flat, and the keyhole was not present/modelled.
A Boussinesq assumption was used, which meant that in buoyancy-driven flow the difference in inertia
was neglected, but gravity was considered.
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 Convection and radiation heat transfers were included in the numerical model. 
 Latent heat was considered, with a melting/solidification model by enthalpy-porosity technique (Voller et 
al. 1991). 
 The initial temperature of both the workpiece and the environment was 300K. 
2.3. Heat source model 
A Gaussian distribution volumetric heat source model was chosen for this work. The expression of the 
model was:  
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where P is the input power of laser beam,  is the absorption coefficient of laser beam energy, a and b are 
parameters related to the distribution of the energy of the heat source, which are set to equal to the focal 
radius of the laser beam, and d is the depth of the heat source. Amongst these five parameters describing the 
heat source, P is a given value once the applied laser power is determined, parameters a and b can be 
determined and will not change for a given optical set up, while the other two parameters,  and d, are 
dependent on the interaction between the laser beam and the irradiated materials, and can vary for different 
welding parameters and materials.  
The values of  and d have significant influences on the computational results, and should be determined 
appropriately for the most accurate predictions of thermal and fluid flow characteristics. So far, although a lot 
of researchers (e.g. Goldak et al., 1984, Abderrazak et al., 2009) have used heat source models as described in 
Equation 1, there are no reports on the values used in these models. Moreover, the literature has not stated 
how these parameters change with welding conditions, and what values should be used in numerical 
modelling.  
In this study, the values of  and d were determined firstly by a trial and error fitting method to transverse 
weld cross-sections obtained from four distinct experimental cases (with laser powers ranging from 2kW to 
4kW, and welding speeds ranging from 3.5m/min to 8m/min), as shown in Table 1. After the predicted cross-
sections reached a good agreement with the actual cross-sections, the values of  and d obtained through this 
fitting, as listed in Table 1, were in turn then used to deduce empirical equations for these two variables with 
respect to welding parameters, then allowing values of  and d to be estimated for other sets of welding 
parameters.  
Table 1. Experimental welding conditions and corresponding  and d fitted values  
Cases Laser Power P, 
kW 
Welding speed v, 
m/min 
Absorption coefficient, 
 
Depth of heat source d, 
mm 
1 2.0 3.5 0.75 2.0 
2 2.0 8.0 0.50 1.0 
3 4.0 8.0 0.70 2.4 
4 3.0 3.5 0.90 4.0 
 
Using the values listed in Table 1, a regression of these two parameters resulted in the following equations: 
591918.0262905.008049.0008574.003858.0000677.0 22 PvPvPv
   
(2) 
659994.0523642.0089196.041981.0589138.004593.0 22 PvPvPvd
   
(3) 
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In the equations above, a laser power P (in kW), and a welding speed v (in m/min) have been assumed, 
with the depth of the heat source being in mm. The equations can be used for partially penetrating or 
intermittently penetrating welds, but are not suitable for fully penetrating welds. For all full penetration cases, 
values of 0.9 for absorption coefficient and 10mm for depth of heat source were chosen, as these values gave 
the best fit to experimental results.   
The different rules to determine the heat source parameters are related to the different heat transportation 
routes in the regimes of partial or full penetration. For partial penetration, the maximum depth of heat source 
considered equals the thickness of the workpiece (4mm in the present study). By contrast, in full penetration 
cases part of the laser beam will be transmitted out through the underside of the workpiece and does not 
contribute to the heating of workpiece, which makes the apparent depth of the laser heat source appear larger 
than the thickness of workpiece. As the thermal gradients around the keyhole are very large, the differences in 
sizes (radii) of the keyholes for different welding conditions (assuming full penetration) are small, and hence 
the laser energy distribution patterns are similar for different heat inputs, i.e., the depths of the laser heat 
source can be assumed to be the same.  
2.4. Validation of the developed models 
The validity of the numerical model developed (including its geometrical, physical, and heat source 
models) was examined by comparison with a second set of experimental results (i.e. a second set of weld 
cross-sections) which had not been used in developing the original model.  
With a laser power of 3kW and welding speed of 5m/min, the calculated heat source parameters were of 
0.78 and 2.8mm, respectively. Using these values, the predicted weld cross-section is shown in Figure 2a (on 
right, compared with the experimental result on left). In addition, the corresponding predicted and 
experimental weld cross-sections are shown in Figure 2b (with the predicted results on right and the 
experimental result on left) for a full penetration weld formed with a laser power of 4kW and a welding speed 
of 3.5m/min. Both cases demonstrated good agreement between the predicted and the real weld profiles. This 
indicated the validity of the model developed in predicting the heat transfer behaviour during laser welding of 
AA5083. 
 
       
(a) Partial penetration weld (3kW, 5 m/min)   (b) Full penetration weld (4kW, 3.5m/min) 
Fig. 2. Predicted versus experimental weld profiles for one partial penetration and one full penetration weld 
3. Experimental procedure 
Experiments in this study were performed using an IPG Photonics YLS-5000 Yb-fibre laser, with an 
output wavelength of 1070±10nm. The focal lengths of the collimating and focusing lenses were 160mm and 
300mm respectively, which gave a nominal focused laser beam diameter of 0.28mm. Melt runs, as a 
simplification of the real butt welds, were made on AA5083 sheets of 300mm long, 150mm wide and 4mm 
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thick. Selected transverse and longitudinal cross-sections of the melt runs were prepared. These were to 
provide benchmarks in the -and- fitting of the  and d parameters in the heat source model, to 
validate the numerical model, and also to study the morphology, location and amount of porosity in the melt 
runs. Porosity contents were evaluated by radiographic examination (according to ISO 17636) and the 
cumulative length of porosity was summed over a 76mm length (as per AWS D17.1).  
4. Results 
4.1. Numerical modeling results 
The temperature and fluid flow fields were computed with the validated numerical model for laser welding 
of AA5083 under various different sets of welding parameters. The dimensions and shapes of the weld pools, 
in addition to the fluid flow velocities and flow patterns within the weld pools, were also obtained. Details are 
given as follows.   
 
(1) Partially penetrating welds 
 
Figure 3 shows the temperature and fluid flow velocity fields for a partial penetration weld at a welding 
speed of 3.5m/min and a laser power of 2kW. At the top surface of the weld pool, a liquid metal flow 
outwards from the centre of the applied heat source is predicted, and the velocity magnitudes decrease from 
the centre to the edge of the weld pool. In the mid-plane of the specimen, upward flow is predicted at the 
central part of the applied heat source, with the maximum flow velocity being located immediately beneath 
this centre at the top surface of the specimen. Furthermore, vortices are predicted to occur close to the top and 
bottom surfaces of the specimen, flowing outwards from the centre of the applied heat source at these 
surfaces, but towards the heat source further inside the weld pool.  
 
(2) Fully penetrating welds 
 
Figure 4 shows the temperature and fluid flow velocity fields for a full penetration weld at a welding speed 
of 3.5 m/min and a laser power of 5kW.  From the left figure, for the top surface, it can be seen that the weld 
pool in this case is predicted to be wider and longer than that of the partial penetration weld shown in Figure 
3. Conversely, the flow patterns for both cases are quite similar. For the right figure, for the mid-plane of the 
specimen, it appears that not only the top but also the bottom surfaces of the weld pool have vertically 
outward fluid flow from the central part where the heat source is applied, with the maximum velocity at the 
top surface being larger than that at the bottom surface. In addition, the vortices are present at both the top 
surface and the bottom surface when the weld is fully penetrated.  
 
(3) Variation of weld pool dimensions with changes in welding parameters 
 
Numerical modeling was carried out for a number of other welding conditions, and the dimensions of the 
weld pools and the maximum velocities within the weld pools obtained are shown in Figure 5. It can be seen 
that the dimensions of the weld pool (both lengths and widths) increased with increasing laser power and 
decreasing welding speed, while the maximum velocity in the weld pool increased with increasing laser 
power and also increasing welding speed.  
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(a) On top surface (3mm wide and 6mm long) 
 
(b) Along mid-plane (4mm high and 6mm long) 
 
Fig. 3. Velocity fields (arrows) and weld pool profiles (isotherms) when welding at 3.5m/min using a 2kW laser beam (the false colour 
maps show the velocity magnitudes in the unit of m/s)  
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(a) On top surface (3mm wide and 6mm long) 
 
(b) Along mid-plane (4mm high and 6mm long) 
 
Fig. 4. Velocity fields (arrows) and weld pool profiles (isotherms) when welding at 3.5m/min using a 5kW laser beam (the false colour 
maps show the velocity magnitudes in the unit of m/s)   
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Fig. 5. Numerical predictions of weld pool dimensions (left) and maximum fluid flow velocities (right) in weld pools for several different 
welding conditions
4.2. Experimental results
Figure 6 shows the longitudinal sections of two welds. Coarse scale, irregularly shaped pores were present
in partial penetration welds. In full penetration welds, the porosity levels decreased notably, both in terms of 
the amount of porosity and the dimensions of the pores.
Fig. 6. Typical porosity contents and pore morphologies in partial penetration (left) and full penetration (right) laser welds in AA5083
Figure 7 shows the porosity levels in these welds as a function of laser power and welding speed. Porosity 
decreased sharply as the penetration state transferred from partial to full. For partial penetration cases, there
was no simple relation between the porosity levels with laser power and welding speed. In contrast, for full
penetration cases, the porosity level decreased with increasing laser power or decreasing welding speed.
Fig. 7. Porosity levels in welds produced with different welding parameters (hollow symbols for full penetration welds and solid symbols
for partial penetration welds)
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5. Discussion 
From the experimental results, it was shown that for partial penetration cases, the longitudinal sections of 
the welds showed very irregularly shaped pores, as opposed to spherical gas pores. This suggested a 
collapsing (or unstable) keyhole during partial penetration welding. Such keyhole instability in laser welding 
of aluminium alloys has been studied by previous numerical predictions and experimental observations with 
high speed imaging (Pang et al., 2011; Matsunawa et al., 2001), and are therefore not addressed in the present 
numerical model.  
The sharp decrease in porosity content when changing from partial to full penetration was thought to be the 
result of an extra route at the bottom of the specimen for any entrapped gases to escape, which would be 
assisted by the intensive fluid flow at the bottom surface (as predicted in Figure 4). This of course was absent 
for partial penetration welds.  
For full penetration welds, porosity decreased with decreasing velocity or increasing laser power. These 
trends do not correlate with the flow velocities predicted within the weld pool, which are quite similar in 
terms of both flow pattern and maximum velocity magnitude. Nevertheless, these trends in porosity content 
do correlate with the predicted changes in the dimensions of the weld pool, i.e. larger weld pools resulting in 
lower porosity levels. This is presumably because of the longer time available for any entrapped pores to 
escape out of the larger weld pool, prior to that weld pool solidifying.  
6. Conclusions 
The following conclusions have been drawn: 
 A heat source model has been developed which, with adjustment, is suitable for both partial and full 
penetration welding over a wide range of conditions when CFD modeling the laser welding of aluminium 
alloy AA5083.  
 The flow patterns predicted in the melt pool are essentially the same for various welding parameters - 
vortices can be found close to the surfaces of the weld pool (top surface only for partial penetration; both 
top and bottom for full penetration). The dimensions of the weld pool are predicted to increase with 
increasing laser power and decreasing welding speed, and the maximum velocity to increase with 
increasing laser power and welding speed.  
 Porosity in aluminium alloy laser welds decreases significantly when the welds transfer from partial 
penetration to full penetration. In partial penetration cases, there are no simple relations between porosity 
levels and laser power and welding speed. In full penetration cases, porosity levels decrease with 
increasing laser power or decreasing welding speed.  
 Porosity in full penetration welds appears more related to the dimensions of the weld pool than fluid flow 
velocities within the weld pool, while the porosity in partial penetration welds appears more related to the 
presumed instability of the keyhole in that situation.   
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